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We report that 2 behaviors, stepping and shortening, are modified by associative learning in the leech, Hirudo medichalk.
Experiment 1 explored conditioning of the "stepping" response.
Paired presentations of touch to the medial dorsal surface of the leech and shock to the tail of the leech resulted in the development of stepping to the touch. Leeches in control groups experiencing the CS alone, US alone, or explicitly unpaired presentations of the CS and US did not. In experiments 2-4, classical conditioning explored conditioning of the touch-elicited shortening reflex. We found that the reflex was enhanced following paired CS-US presentations but not following CS alone, US alone, or explicitly unpaired presentations of the stimuli. Moreover, the learning was extinguished following 15 unreinforced presentations of the CS but was retained for at least 24 hr without extinction training.
Moreover, the associative effect was not evident when the CS and US were presented in a backward relationship.
That is, no learning was observed when the US preceded the CS. Lastly, the hand-held stimuli were replaced with implanted electrodes. Using a 3 V pulse that mimicked the touch stimulus (CS), we found that paired CS-US presentations produced a significant enhancement in the shortening reflex. Again, no enhancement was observed following unpaired CS, US presentations.
The study of the cellular basis of associative learning in invertebrates has been dominated by the study of molluscs and, but for a few exceptions, Drosophila rnelanogaster (Dudai et al., 1976; Dudai, 1977 Dudai, , 1985 Quinn et al., 1979; Tempel et al., 1984; Tully, 1984 Tully, , 1987 and Apis melifera Bitterman, 1980, 1982; Erber et al., 1980; Erber, 1981 Erber, , 1984 Bitterman et al., 1983; Menzel, 1984) being the 2 most noteworthy, the current understanding of the cellular and molecular events underlying learning come from studies on molluscs, including Aplysia californica and Hermissenda crassicornus (for reviews, see Farley and Alkdn, 1985; Mpitsos and Lukowiak, 1985; Carew and Sahley, 1986; Byrne, 1987) . It is clear from studies of these animals that common themes both on the behavioral and mechanistic levels have emerged. For example, associative learning in both species is dependent on the contingent as well as the contiguous relationships between stimuli (Sahley et al., 1981a, b; Colwill, 1985; Hawkins et al., 1986; Farley, 1987a) , just as is learning in vertebrates (Rescorla, 1968 (Rescorla, , 1969 Kamin, 1969) . Moreover, on the mechanistic level, the identified leaming-dependent changes involve second-messenger modulation of K+ channels of sensory neurons (Klein et al., 1982; see Crow, 1988, for a review) . No data, however, address the generality of these common themes in other invertebrate phyla. Will contiguity and contingency be as important in the formation of associations in other invertebrates? Will learning-dependent changes in behavior be the reflection of similar or dissimilar cellular mechanisms? For these reasons, we have decided to extend the study of the neural basis of learning to a nonmolluscan invertebrate, the annelid Hirudo medicinalis. The leech has proved to be a useful preparation in neurobiology and has been advantageous for the study of synaptic physiology (Nicholls and Purves, 1970; Muller and Nicholls, 1973; Muller and Scott, 198 l) , neurodevelopment (Shankland and Weisblat, 1984; Kramer and Weisblat, 1985; Stent and Weisblat, 1985; Stewart et al., 1985 Stewart et al., , 1986 Loer et al., 1986) , regeneration (Baylor and Nicholls, 1969; Jansen and Nicholls, 1972; Ready and Nicholls, 1979; Scott and Muller, 1980; Muller andNicholls, 1981; DeRiemeretal., 1983; Macagnoetal., 1985; French and Muller, 1986) , as well as the cellular mechanisms underlying several behaviors, including swimming (Kristan et al., 1974; Ort et al., 1974; Kristan and Calabrese, 1976; Friesen and Stent, 1978; Weeks and Kristan, 1978; Weeks, 1982a, b; Kristan, 1983; Friesen, 1985; Nusbaum, 1986; Nusbaum and Kristan, 1986) , stepping (inch-worm crawling) (Stem-Tomlinson, et al., 1986a, b) , feeding (Galur and Kindler, 1966; Dickinson and Lent, 1984) bending (Kristan, 1982; Kristan et al., 1982) , and shortening (Magni and Pellegrino, 1978a, b; Kramer, 198 1) . More recently, the leech has been used to study neuronal (Belardetti et al., 1982; Biondi et al., 1982) and behavioral plasticity, including habituation, sensitization (Debski and Friesen, 1985; Lockery and Kristan, 1985; Locket-y et al., 1985; Stoller and Sahley, 1985; Boulis and Sahley, 1988) and classical conditioning (Henderson and Strong, 1972; Sahley and Ready, 1985) . We report that 2 behaviors, stepping and shortening, are modified by associative learning.
Stepping, or inch-worm crawling, recently has been characterized by Stem-Tomlinson and colleagues (1986a, b) . Briefly, stepping consists of lifting the anterior sucker, rostral-caudal extension of the body, replanting of the anterior sucker, lifting of the posterior sucker, rostral-caudal contraction of the body, accompanied by the reattachment ofthe posterior sucker in close apposition to the anterior sucker. This results in the character-istic "looping" behavior that distinguishes inch-worm crawling from veriform crawling.
Shortening is a defensive withdrawal response to either a tactile or a photic stimulus applied to the head of the leech. That is, either stimulus elicits an immediate and simultaneous contraction of the longitudinal muscles in the leech, resulting in a dramatic "shortening" of the length of the leech. It has recently been established that this reflex can be modified by experience. That is, repeated presentations of a light tactile stimulus or a photic stimulus result in a decrement or habituation of the response (Locket-y et al., 1985; Stoller and Sahley, 1985) . A shock presented to the animal following habituation training produces a marked restoration or dishabituation of the response (Stoller and Sahley, 1985) . Likewise, a shock applied to the leech prior to habituation significantly retards the development of habituation (Stoller and Sahley, 1985; Boulis and Sahley, 1988) . In this paper, we extend our analysis of plasticity by demonstrating that this shortening reflex can be modified by associative learning.
Experiment 1 Classical conditioning of the stepping response
The goal of Experiment 1 was to test whether stepping could be modifed by associative learning. Specifically, the question was: Can the pairing operations that produce classical conditioning in other animals, including invertebrate as well as vertebrate species (see Carew and Sahley, 1986; Sahley, 1984 , for reviews), result in classical associative learning in the leech. We selected a light tactile stimulus applied to the dorsal surface of the leech as the conditioned stimulus (CS) because this stimulus never results in stepping. The unconditioned stimulus (US), a shock applied to the tail, reliably produces 3-5 stepping cycles. The question was whether leeches learn to associate a light tactile stimulus to the back with a shock to the tail such that a test tactile stimulus to the back of the leech will result in at least one stepping cycle.
Materials and methods Animals
Hirudo medicinalis were obtained from Ricarimpex, Bordeaux, France. Approximately 1 week after arrival in the lab, 40 leeches were randomly selected and placed in individual Plexidas containers 121.6 (1) x 5.5 (w) x 6 (d) cm] in about 2 cm of artifi&al spring water at room temperature. Training began after the leeches had been isolated for 5 d, during which time they were left undisturbed. Training and testing lasted 1 d. During this period, the leeches were maintained on a 12/12 lightdark cycle. The leeches remained in their training chambers throughout the duration of the experiment.
Stimulus materials
The CS was provided by a heat-pulled segment of tygon tubing attached to a wooden handle. The delivery of the stimulus was similar to that described bv Debski and Frlesen (1985) and consisted of a liaht 1 set \ I stroke of the body with the CS in an anterior-to-posterior direction. Each stroke crossed 3 annuli. The US was a 20 V 500 millisecond shock delivered via a bipolar electrode spanning (but not in direct contact with) the tail of the leech. The shock stimulus was provided by a Grass stimulator (model S88) and delivered to the leech via a Grass stimulation isolation unit (model SIU).
Experimental groups Forty leeches were randomly assigned to 1 of 4 experimental groups as follows.
Paired group (P). Leeches in the paired group (n = 10) received 20 paired presentations of the CS and US with the CS preceding the US. The pairings were separated by approximately 2.5 min intertrial intervals. Testing, consisting of 3 CS-alone presentations, was done 20 min following training. Explicitly unpairedgroup (UP). Leeches in this group (n = 10) received the same stimuli but separated by a 1.25 min interstimulus interval. As for leeches in the paired group, testing occurred 20 min following delivery of the 20th US.
CS alone or US alone. Leeches in these groups (n = 10 each group) were treated as described for the animals in the paired group except that they were presented with only the tactile stimulus (CS) or the shocks (US), respectively, at 2.5 min intervals. Testing occurred 20 min after the delivery of the last stimulus.
A schematic representation of the training protocol for the four groups is presented in Figure 1 .
Dependent measure Animals were video taped using a Panasonic camera and VCR. The animals were arranged prior to testing so that the experimenter did not know the experimental history of each animal. Likewise, scoring was done without the knowledge of the experimental history of each leech.
Each leech received 3 test trials separated by 2.5 min interstimulus intervals following training. If an animal stepped to the test stimulus the performance was scored as positive (+). If no step occurred the animal was scored as negative (-) . If an animal stepped on 2 of the 3 trials, it was considered to have demonstrated a conditioned response (CR). A step was defined as the lifting of the anterior sucker, extension of the body, reattachment of the anterior sucker, and contraction of the body.
Statistical analysis
Because of the dichotomous nature of the data, a nonparametric test for significance of difference between two proportions was used to analyze the data (Bruning and Kintz, 1968) . mollusc, Aplysia californica. Both are defensive-touch-elicited behaviors that can be modified by habituation and sensitization. Studies of plasticity of this reflex will allow direct comparisons into the generality of the cellular and molecular events underlying learning described in Aplysia. For example, will the same mechanisms that produce habituation and sensitization in mollusts share similarities with those observed in annelids or will completely different mechanisms be found?
Finally, on a more practical level, the nervous system of the leech is extremely amenable to cellular analysis and, as discussed in the introduction, has been used successfully to study a number of neurobiological phenomena.
Moreover, most recently techniques have been developed to study single indentified cells or pairs of cells in culture (Ready and Nicholls, 1979; Fuchs et al., 1981 Fuchs et al., , 1982 Dietzel et al., 1986 ; B. W. Adams, J. Nicholls, and R. Stewart, personal communication) .
Thus, the analysis of learning can proceed from the behavior in the intact animal, to semi-intact preparations, to isolated nervous system, and finally to single identified cells in culture quite readily. 
Results and discussion
The number of animals in each group showing CRs is presented in Figure 2 . It is apparent that only the leeches that experienced paired presentations of the touch and shock showed stepping to the test stimulus, 7 out of 10 leeches in this group showed a CR. In contrast, only 2 of the 10 leeches in the US alone group, 1 of the 10 leeches in the CS alone group, and 0 of the 10 in the Unpaired group showed a CR. The performance of leeches in the paired group was significantly different from the performance of the leeches in each of the control groups. A z test for proportions indicated that the proportion of correct responses in the paired group was significantly different from the proportion of correct responses in each of the other groups (z = 3.68, p < 0.001, P vs US; z = 4.89, p < 0.001, P vs CS; z = 6.79,~ < 0.001, P vs UP). Leeches in the control groups experienced the same CS and US stimuli as those animals in the experimental group with one important exception; they either experienced only one of the stimuli (CS alone or US alone groups) or, when they experienced both (Unpaired group), never in a paired relationship.
The observed CR to the test stimulus is a result of the pairing-produced learned association between the touch CS and the shock US and thus is an example of Pavlovian associative learning.
Experiment 2 Classical conditioning of the shortening reflex The goal of this experiment is to determine if classical conditioning can modify the leech's defensive shortening response. We chose this behavior for several reasons. First, the shortening response is easily measured and quantified. Second, it is a reflex, and as such the underlying circuitry should prove simpler than that of the more complex stepping response. Moreover, many neurons within the circuit have been identified and characterized (Nicholls and Baylor, 1968; Laverick, 1969; Nicholls and Purves, 1970; Stuart, 1970; Bagnoli et al., 1975; Magni and Pellegrino, 1978a, b; Kristan et al., 1982) , and this will facilitate the analysis of the underlying cellular mechanisms. Finally, in many respects the shortening response of the leech is very similar to the extensively studied gill-withdrawal reflex of the marine Materials and methods
Animals
Twenty-four leeches were randomly assigned to the 4 training groups. Each of the control groups had 6 leeches. The experimental group had 10 leeches so that following acquisition training, the leeches could be divided into 2 groups of 5 for the postacquisition retention and extinction tests (described more fully below). However, one leech in the paired group died during training. In addition, of the 9 remaining leeches in the paired group, one showed no evidence of learning with training and therefore was not included in either the retention or extinction groups.
Stimulus materials
The stimulus materials used in this experiment were identical to those used in Experiment 1.
Procedures
The procedures used in this experiment were similar to those used in Experiment 1 except that the CS was applied to the head of the leech.
Training regimen
Acquisition. All leeches received 30 training trials. The trials were separated by a 2 min intertrial interval. A single test trial, which consisted of a CS &one presentation, was interpolated into the training regimen everv fifth trial. That is. after trials 5. 10. 15. 20. 25. 30. and 35 a test CS was presented in orher to document the rate 'of acquisition. Extinction. Twenty-four hours following the final test trial extinction training began. Leeches in the paired group were divided into 2 groups matched for performance. Leeches in one group (E) received extinction training consisting of 15 CS alone trials at an intertrial interval (ITI) of 2 min. Leeches in the second group (R) received no extinction training but rather were used to provide a control for possible forgetting over the 24 hr interval. Testing occurred on trial 15. A schematic representation of the training regimen is presented in Figure 3 .
Dependent measure
The dependent measure was the ratio of the length of the animal following the test stimulus to the length of the animal immediately preceding the presentation of the test stimulus. This ratio was then expressed as the percentage ofinitial contraction elicited by the test stimulus pretest.
Statistical analysis
An analysis of variance (ANOVA) was used to compare performance between the groups. Newman-Keuls post hoc tests were used for further analysis of the data when the F ratios were significant (Keppel, 1973) .
A Student's t test was used to compare the scores for animals in the Extinction and Retention groups.
Results and discussion
The mean percentage of inital contraction across trials for animals in all groups is presented in Figure 4 . The ANOVA on the acquisition phase revealed a significant group main effect, F(3,23) = 3.92, p < 0.05, and a significant trial effect, F(6,138) = 3.22, p < 0.01. Since a significant group x trial interaction F( 18,138) = 3.72, p < 0.0 1, was revealed we used post hoc tests to analyze how the performance of each of the groups differed across trials (Keppel, 1973) . The Newman-Keulspost hoc analysis revealed an interesting pattern of results. As we have seen previously, leeches in the CS alone group show a rapid reduction in response amplitude across trials; their responding decreased to 20% by block 2. Leeches in the Unpaired group did not show a significant decrease in responding until the block 3 test, and at this point responding in the Unpaired group was not different from responding in the CS alone group. Leeches in the US alone group did not show a significant decrease in responding until the block 4 test, but the responding for leeches in this group remained significantly greater than responding for leeches in the CS alone and Unpaired groups throughout training, (I, < 0.05). Leeches in the Paired group maintained their responding until the block 5 test and then showed a significant increase in responding over the last 2 tests. Since an increase in responding across trials was observed only in the Paired group, we interpret this increase as the result of associative learning. The decrease in responding seen in the CS alone group reflects habituation to the repeated CS presentation. Likewise, the decrement in responding seen in the US alone and Unpaired groups is most likely due to habituation to the repeated presentations of the CS with the difference between the 2 groups most likely due to the differing number of CS presentations, 5 in the US alone group and 35 in the Unpaired group. The initial retardation of habituation is most likely due to the sensitizing effects of the us.
As is also seen in Figure 4 , extinction of the learning was rapid and complete. Leeches experiencing the CS alone extinction Figure 3 . Schematic representation of the onset, offset, and temporal relationship of the stimuli used for the training regimen for Experiment 2. Leeches were randomly divided into 4 groups: CS alone, US alone, Unpaired, and Paired presentations of the CS and US. Following acquisition training and testing, leeches in the Paired group were randomly divided into 2 subgroups and either experienced extinction training or were held for retention. trials showed a dramatic reduction in their response magnitude as compared to the leeches in the retention group, which were simply held for the 24 hr required for extinction training. Following extinction training leeches in the group E responded at 20% of their initial contraction magnitude. Leeches in the retention group showed no decrement in responding; their responding remained at 109% of baseline. A t test indicated that this difference was significant, t(6) = 3.78, p < 0.01. This indicates that the decrease in responding was due to extinction and not forgetting.
In summary, we have shown that the shortening reflex can be modified by associative learning; paired presentations of touch and shock produced an enhanced shortening to test trial presentations of the CS alone. This learning is retained for at least 24 hr and is extinguished by 10 repeated presentations of the cs.
Experiment 3
Backward conditioning In most conditioning experiments, learning occurs easily when the presentation of the CS precedes the occurence of the US by at least a few seconds, and this is termed forward conditioning. In some instances, however, learning occurs when the CS follows the occurrence of the US. This is termed backward conditioning. Although backward associations are capable of being formed, it is reported that forward conditioning results in easier and faster formation of associations. In vertebrates conditioning of many skeletal responses is optimal when the CS precedes the US by about 500 msec. In contrast, little or no conditioning occurs when the stimuli are arranged in a backward relationship (see Kimble, 1961; Gormezano, 1972; Mackintosh, 1974 , for reviews). Recent evidence indicates that the same principles of learning hold for at least one invertebrate species, Aplysia californica (Hawkins et al., 1986) . Hawkins et al. (1986) tested the effects of several interstimulus intervals, including backward intervals, on the conditioning of the siphon-withdrawal response. They found that conditioning was optimal at the 0.5 set interval and that there was little or no conditioning at the other intervals. The goal of this experiment is to evaluate the leech's ability to form backward associations. In addition, a secondary goal of this experiment was to replicate the learning observed in Experiment 2.
Materials and methods
The methods were exactly as described for Experiment 2 except that only 2 training regimens were used, Forward Paired and Backward Paired. Leeches in the Forward Paired group were treated exactly the same as leeches in the Paired group of Experiment 2. Leeches in the Backward Paired group received paired presentations of the CS and US except that the onset of the CS was coincident with the offset of the US. The dependent measure and statistical analysis were exactly as in Experiment 2.
Results and discussion The mean percentage of initial contraction for animals in the Forward Paired and Backward Paired groups is presented in Figure 5 . As seen, shown in Figure 5 , and as revealed by the ANOVA and Newman-Keuls post hoc test, leeches in the Forward Paired group showed an increase in responding over trials, whereas leeches in the Backward Paired group showed a decrease in responding over trials: group effect, F( 1,8) = 23.06, p < 0.0 1; group by block interaction, F(6,48) = 9.9, p < 0.0 1; NewmanKeuls, p < 0.01. Leeches in the Paired group showed a 38.4% increase in responding for trial block 7 as compared with trial block 1. In contrast, leeches in the Backward Paired group showed a 39% decrease in responding over their baseline levels. Thus, it appears that, as in Experiment 2, paired CS-US presentations result in an increase in the magnitude of the shortening reflex and that, at least under these conditions, leeches form associations when the CS and US are paired in a forward relationship but apparently do not form associations when the CS and US are paired in a backward relationship.
In addition to replicating the learning observed in Experiment 2, the results of Experiment 3 provide a replication of the leaming curve observed for leeches in the Paired group. That is, leeches in the Forward paired group of Experiment 3, just as Experiment 4 The goal of Experiment 4 was to replicate and extend our previous findings on the classical conditioning of the touch-elicited shortening reflex described in Experiments 2 and 3. Since our ultimate goal is to manipulate temporal parameters to study more complex aspects of associative learning as higher-order stimulus relations, including second-order conditioning, blocking, sensory preconditioning, and inhibitory learning, it is necessary to have precise control over the onset and offset of both the CS and the US. The manual application of the CS used in the previous 2 experiments does not allow for the exact control of either the CS presentation or the CS-US interval. For this reason, we have chosen to mimic the effect of the tactile CS by applying a 3 V 50 msec pulse across the skin of the leech. Kristan et al. (1982) have used a similar procedure to study local bending. We use this procedure in this experiment to study classical conditioning of the touch-elicited shortening reflex. In addition, we have used a random control group procedure (Rescorla, 1967) instead of the CS alone, US alone, and Unpaired groups we have employed previously. Rescorla (1967) suggested that only a random procedure that presents the CS and US to the animal with no predictive relationship between the 2 stimuli is optimal in assessing the effect of the predictive relation produced by the pairing operation. The regular presentations of the CS and/or US in the standard control groups provides the animal with the opportunity to learn about the stimuli and their relationship to each other and/or the training context. When stimuli occur in a random fashion this opportunity is not available.
The procedures, animal selection, and apparatus were identical to those described in Experiment 3 except for the modifications described below. tions. Only the animals that received forward pairings showed an increase in responding to the touch stimulus.
Tests
Paired group (P). Leeches in the paired group (n = 6) received 30 paired CS-US presentations, separated by a random IT1 interval with a mean IT1 of 2 min.
Random group (R). Leeches in the random group (n = 6) received equal numbers of CS and US stimuli but in a predetermined random order. The IS1 intervals were also arranged in a random order ranging from -400 msec CS-US presentation (backward relationship) to +4000 msec CS-US presentation in steps of approximately 500 msec (-400, -100, + 500 then continuing at 500 msec intervals). The experiment was run in replications with 3 animals in each replication. Each animal was assigned randomly to either the Paired or the Random group by drawing straws. In alternative replications, 2 animals would be in the paired group and one in the random group and vice versa.
Stimulus materials
Two sets ofbipolar electrodes, separated by approximately 7 mm, spanned the body of the animal. The CS was delivered through the first set of electrodes and the US was delivered through the second set of electrodes via a Grass stimulator, model S88. The CS was a 3 V shock pulse, 50 msec in duration. The US was a 500 msec train of 15 V pulses delivered at a rate of 10 pulses/set. Leeches in the Paired group received 30 paired CS-US presentations with a delay IS1 of approximately 400 msec. For leeches in the Random group, the ISIS ranged from 400 to 3000 msec, with the constraint that only one pairing (i.e., the CS and US occurring at the 400 msec ISI) occur within each block of 5 trials. Thirty minutes prior to training, each animal was tested to determine its baseline responsiveness to the training stimulu+ the stimulus was presented twice at a 15 min ISI. Following 30 trammg trials, the animals were tested again to assess the effect of the training.
Dependent measure
The leeches were scored as described in Experiment 2. In this experiment, though, the mean of the 2 prescores and the mean of the posttraining scores were used as the measure of the reflex responsiveness. Pre-post difference scores were calculated for leeches in each group.
Statistical analysis Student's t tests were used to evaluate the performance of the 2 groups. Between-group differences were assessed with independent t tests, while within-group (pretraining vs posttraining performance) differences were assessed using paired t tests.
Results and discussion
The mean percentage of initial contraction for the pre-and posttest trials for animals in each group is presented in Figure  6 . As shown in Figure 6 , leeches receiving paired CS-US presentations showed a significant increase in responding over their own baseline [p(6) = 3.56, p < 0.051. In contrast, leeches in the Random control group showed a significant decrease in responding from their baseline [p(6) = 6.52, p < 0.011. Leeches in the Random group showed a mean decrease of 68% in reflex amplitude compared with their baseline values, whereas leeches in the Paired group showed a 44% increase in responding over their baseline. A difference-scores analysis indicated that the difference between the 2 groups was significant, t(l0) = 6.87, p < 0.00 1. In addition, no differences were found in the pretest magnitude of the reflex between leeches in the 2 groups, t( 10) = 0.95, p > 0.6.
Thus, as in the previous 2 experiments, paired presentations of the CS and US result in an increased reflex amplitude compared with leeches in the control group.
General Discussion
The above series experiments demonstrate quite clearly that the leech is capable of associative classical conditioning.
Following the pairing of a light tactile stimulus to the dorsal surface that results in local bending with a shock to the tail that reliably elicits stepping, leeches will learn to step to the touch. Moreover, in 3 experiments, the pairing of a light tactile stimulus to the head of the leech, which elicits the shortening reflex, with shock to the tail, which normally elicits a whole body contraction, resulted in an enhanced shortening response to the tactile stimulus. The learning is clearly pairing dependent since leeches that exberienced the stimuli in unpaired, random, CS, or US alone configurations did not show an increase in either behavior. Moreover, as suggested by the extinction results of Experiment 3, when the CS and US are no longer paired, a rapid decrease Leeches in the Paired group showed a significant increase in responding, whereas leeches in the Random group showed a significant decrease in responding.
in conditioned responding is observed. We have no evidence for the role of contingency in this learning, but experiments are in progress in the semi-intact preparation, and it appears that predictability is important for the formation of associations in the leech (Sahley, 1988) . Moreover, predictability appears to be a fundamental characteristic of the associative process in the invertebrates Aplysia calzjbrnica (Colwill, 1985; Hawkins et al., 1986) , Hermissenda crassicornis (Farley, 1987a, b) , and Limax maximus (Sahley et al., 198 lb, 1984) , as well as in vertebrates (Kamin, 1969; Rescorla, 1968 Rescorla, , 1969 .
The touch-elicited shortening reflex is also modified by habituation, dishabituation, and sensitization (Stoller and Sahley, 1985; Mazer et al., 1987) . It has been suggested that these simpler forms of learning may be building blocks of the more complex associative learning (Humphrey, 1933; Hawkins and Kandel, 1984) . Our data on classical conditioning of the shortening reflex is consistent with this hypothesis. That is, as seen in Figures 4 and 6 , the learning curve of the paired animals shows 2 phases (slopes). The first phase from blocks l-5 shows no significant increase or, more importantly, decrease in responding across these blocks of training. It is only late in training, blocks 6 and 7, where a significant increase over baseline is observed. We suggest (but have not proved) that this indicates 2 phases for associative learning. The first phase appears as the prevention of habituation, perhaps in part via sensitization produced by the US, and a second phase in which the CR is facilitated above baseline. The notion of prevention of habituation is not new. Humphrey (1933) suggests that this may be involved in the associative process. Moreover, the diminished learning observed in animals experiencing CS preexposure points out the importance of the prevention of habituation to the subsequent formation of associations (Lubow and Moore, 1959; McDaniel and White, 1966; Lantz, 1973; Lubow, 1973) .
It is clear from the classical conditioning experiments, as well as our sensitization experiments that the US has a sensitizing effect on the reflex (Boulis and Sahley, 1988) . That is, leeches in the control groups, which experienced the US (US alone and Unpaired), showed a significantly slower rate of habituation compared with leeches in the CS-alone group. Leeches in the US-alone group do not show a significant decrement in responding until the fourth test, and leeches in the Unpaired group do not decrement significantly until the third test. Since the only difference between these 2 groups is the presence of repeated presentations of the CS in the Unpaired group, the faster habituation of leeches in this group is most probably due to habituation. In contrast, leeches in the CS-alone groups showed a dramatic decrement after only 2 blocks of training. Moreover, it is interesting to note that the US-alone group remains significantly more facilitated throughout training compared with leeches in the CS-alone and Unpaired groups. This suggests that sensitization produced by the US may be involved. However, we were surprised not to find a greater effect of sensitization, i.e., an enhancement of the reflex over baseline greater effect. In addition, we have some evidence that the behavioral facilitation resulting from a sensitizing or dishabituating stimulus is not immediately observed but rather takes several minutes to emerge (Boulis and Sahley, 1988) . Thus, in the experimental design employed in the experiments reported in this paper we could be seeing the emergence of sensitization on an already somewhat habituated baseline. Further experiments are planned as direct tests of these hypotheses.
Our goal is to develop a semi-intact preparation that will show associative learning. It is critical to show causal events that result in the acquisition of learning or, in other words, the formation of an association, and it is important to monitor behavior throughout the experiment so that direct correlations between changes in neural events and behavior can be made. Moreover, it is essential to analyze the mechanisms underlying learning as it occurs in order to get at the associative mechanisms. Important cellular events may occur early in acquisition, and these would not be revealed in an end-point analysis. This is possible with the use of the semi-intact preparation we have developed. This type of preparation has been used to study habituation Pinsker et al., 1970) and has also been used to study the neural correlates of associative learning in Limax maximus (Chang and Gelperin, 1980) and Aplysia californica (Lukowiak and Sahley, 198 1; Lukowiak, 1986) . Recent experiments in our lab indicate that these types of experiments may be feasible in the leech. Mazer et al. (1987) report that habituation, dishabituation, and sensitization in the semi-intact preparation are virtually identical to that observed in the intact animal. Moreover, pilot experiments indicate that classical conditioning of the shortening reflex appears to be a robust phenomenon in the semi-intact preparation (Sahley, 1988) . The experiments presented in the paper lay the foundation for further studies of associative learning in the leech, including higher-order phenomena such as blocking, second-order conditioning, and conditioned inhibition. Moreover, the study of learning in the leech provides an opportunity to determine the generalizability of the principles of learning to another phylum. Our goal is to use a combination of behavioral procedures that allow a clear definition of the variables that influence learning in the intact leech with an in vitro preparation that is amenable
